The Deep Ore Zone (DOZ) mine is one of Freeport Indonesia's block cave mines with maximum production of 40,000 tpd (2016) 
Introduction
The Deep Ore Zone (DOZ) block cave mine is located in the East Ertsberg Skarn System (EESS) deposit and is one of the block cave mines operated by Freeport Indonesia (Figure 1 ). The mine uses an advanced undercutting method to induce caving above the extraction level. DOZ lies about 900 m below surface and has draw column heights to as much as 500 m. The extraction (production) level of DOZ will ultimately be 900 m long and average more than 200 m wide. The undercut level is located 20 m above the extraction level. The current production rate is 40,000 tpd from 650 active drawpoints, and the operation has been producing ore for 15 years. DOZ has a finite life and production is planned to cease in 2021.
Figure 1 Location of PT Freeport Indonesia mining operation
Block caving is a continuous mining concept; ore is producing constantly using manual load-haul-dump units (LHDs) and remotely operated LHD (operated remotely). A remote LHD system is used when for one of the drawpoints in one panel, the material class is changed into red class (wet and fine grain material). Ore in panel 02 is fully producing using a remote loader system, while in the middle of the panel, there was a blockage with collapse material at drawpoint 17 to 21 west (90 m long). A secondary egress drift was designed for man access in the event of spill out/mud rush.
Geology and geotechnical
The DOZ orebody is located in EESS, as indicated in Figure 2 . The EESS is hosted by tertiary-age carbonates that have been altered to calcium-magnesium silicate skarn. The EESS is an essentially vertical tabular body with a vertical extent is excess of 1,200 m and an average width of 200 m.
Figure 2 EESS Complex
The key lithology consists of skarn assemblages locally intruded by variably altered Ertsberg diorite; the latter forms the footwall, while forsterite skarn, magnetite-forsterite skarn, magnetite and DOZ breccia (locally known as HALO -high altered locally ore) and marble are in the hanging wall (Coutts et al. 1999 ).
Much of the bedding has been preserved in the skarn deposits and within the hanging wall marble. There has been movement observed along these bedding planes as small-scale faults which indicate normal left lateral movement, which are cut by northeast-southwest and northwest-southeast trending faults. Although diorite has healed most structures, there are prominent joint sets cutting the diorite and skarn, with as many as four sets observed. Ground conditions within the EESS system are highly variable. Within zones of good to very good ground conditions there are elongated zones of very poor ground conditions characterised by low strength, low core recovery and low rock quality designation (RQD) values. The values of the uniaxial compressive strength (UCS), RQD, and rock mass rating (RMR) classifications are indicated in Table 1 . 
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History of the collapsed drift
The collapsed ground at panel 02 between drawpoint 17 west into drawpoint 21 west (90 m length) is located in the lithology of diorite (based on drilling data). The drift had experienced damage since July 2014, with the damage classified as heavy damage (displacement > 300 mm), and then completely collapsed in the middle of 2015. Damage progress was evaluated by stress distribution due to no mucking and less mucking activity which caused increasing load static stress around the area.
Damage progression was monitored visually due to geotechnical crews not being allowed to perform manual tape extensometer measurements below the damaged ground. Based on visual observation, ground displacement was estimated at 0.5-1.0 m at shoulder and rib (observed in July 2014) and completely ejected (collapsed) in August 2015, as indicated in Figure 3 .
Figure 3 Damage progress at drawpoint 18W (looking south)
Panel 02 only has one accessible escape way. This was deemed unacceptable by government regulations. This panel also had been converted to a remote loader operating system due to the potential for a spill/mud rush.
Rehabilitation works had been conducted through the south side (from drawpoint 25 west until drawpoint 21 west), but then stopped due to damage severity, damage peripheral and geology condition as indicated in Figure 4 . Considering the severity of the damage, the length of the damage, remaining mineable reserves, liabilities due to government regulations, rehabilitation rates, cost, and the panel being situated at a potential wet muck spill/mud rush location, excavation of a secondary egress through a minor pillar of panel 02 to 01 has been decided as a reasonable alternative.
Figure 4 Peripheral of damage overlaid with geological condition 4 Excavation of the drift
Prior to the commencement of excavation of the egress drift through a minor pillar between drawpoint 13W and drawpoint 14W, as indicated in Figure 5 , selection of the pillar was based on pillar size, geology condition, condition of the working area, and there being no potential spill hazard. Geotechnical assessment and calculations had been undertaken to evaluate the actual ground condition of the core pillar. The main goal is to keep two accessible access ways for people in the panel. The panel is mined using the tele-remote LHDs, but people are still assigned for maintenance or other work, so in case of wet muck spill/mud rush, people can immediately evacuate through the egress drift. 
Borehole camera survey
In the first stage, four borehole cameras have been drilled into the core of the pillar and two additional borehole cameras were drilled in the second stage. The first stage (holes 1-4) of observation indicated that the first 7-8 m of hole was good ground, and the rest of the hole (8-26 m) was broken zone. It means that 10-12 m from the floor was still relatively good ground. Two additional borehole camera surveys (holes 5-6) had been undertaken at the same pillar oriented to the southwest side. The observation result indicated that 24 m of hole 6 was in good ground condition. The pillar area oriented to southwest was not well defined due to drilling accuracy. Figure 6 shows detailed borehole camera results and core pillar (rough) estimation. 
Geological features at proposed egress drift
Geological mapping and drilling data was used as input data into geotechnical modelling. The rock type at the proposed egress drift was diorite-undiff-skarn (Te) and is closed with a major fault (West Bound Fault), as indicated in Figure 7 . Rock mass properties were estimated with RMR (Bieniawaski 1989 ) with a value of 43 (fair rock) and using Q estimation (Barton et al. 1974 ) with a value of 15.3 (good rock). However, actual cell mapping is undertaken during excavation.
Although the drift was situated in an undiff-skarn environment, the rock type was still classified as diorite after reconciliation with actual observation and from borehole camera survey data. 
Geotechnical analyses
The geotechnical analyses were conducted with the aim of predicting the strength of the minor pillar and ground support requirements on the excavated drift. The analyses are only focused on the pillar between drawpoint 13 west and 14 west, which has experienced load static due to there being no mucking activity since the drawpoint 17 west to 21 west collapsed. The estimations of stress and load working over the pillar are of the highest importance.
In the first phase of the modelling process, the pillar was identified as having areas affected by load static of caving material above the pillar. The load static around the pillar is calculated using the tributary load area (TAL) approach (Abel 1988) , with the following formula: * * * . By using Equation 1, a TAL on the pillar of 13.3 MN/m 2 can be obtained. In the second phase, the modelling is processed using RS 2 software (Rocscience Inc. 2017). In addition, stress input parameters should be determined prior to continuing with the modelling process. In this phase, stress tensor is determined using ground support scope tools (GSST) with a resulting σ 1 (horizontal stress) of 19.8 MPa and σ 3 (vertical stress) of 4.5 MPa. Furthermore, the material input is defined as diorite with a UCS of 111 MPa, and the failure criterion during the process is the Generalised Hoek-Brown. Three stages of model interpretation are used, where first stage is stress model pre-excavation, the second stage after the tunnel is excavated, and the third stage after ground support is installed. Prior to starting the model, ground support is calculated using a Barton chart (Barton et al. 1974 ) and the resulting ground support plan is as follows:  Second stage: At this stage, the drift has been excavated, the zone of yielding is significantly higher at the boundary of the pillar, while at the tunnel boundary, about 0.2-0.2 m is 100% yield.
 Third stage: There is no significant change to the tunnel condition after ground support installation. However, there is no yielding bolt, and ground support is calculated as adequate in this environment.
 Total solid displacement is calculated as 1.8 cm along the drift boundary. The resulting model is shown in Figure 8 .
Evaluation of the ground condition is planned to be performed during and post-excavation in order to calibrate the model. A manual air leg is employed during the excavation process, and blasting and ground support installation is installed in a short round sequence (2 meter advance per round). Prior to starting the excavation, two drawpoints (drawpoint 13 west and drawpoint 14 west) were permanently closed using high-pressure concrete to create an additional artificial pillar. 
Excavation process
The first round of blasting commenced on 1 December 2016 and was completed on 30 January 2017; excavation of the tunnel was completed within 61 days. Excavation was done by PT Redpath Indonesia with two crews working only on day shift. The ground support installation was completed in two stages. In the first stage, primary support was installed directly after blasting, then at the second stage, secondary support was installed after primary support completed in every 4.0 m advance. All of the ground support installation works are done manually with air leg drilling equipment. The working activity and sequence is shown in Figure 9 . The main goal of this monitoring process is to monitor stability of the ground along the egress drift in which the results can be reconciled with geotechnical model. Two types of monitoring have been conductedthey are tape extensometer and ground penetrating radar (GPR).
Tape extensometer monitoring (convergence)
Tape extensometers are designed to monitor ground deformation/displacement (Rachmad & Widijanto 2000) , 1 m of convergence station is installed inside rib of the tunnel oriented horizontally at five locations along the tunnel. Convergence measurement is scheduled to be conducted on a weekly basis, but due to operational reasons, it is measured when panel 02 is opened. An initial measurement was undertaken on 22 February 2017, and the latest measurement was undertaken on 4 April 2017. The highest deformation is observed at stations number 1 and 5 ( Figure 10 ) with a cumulative value of 6.0 mm. Both stations are located at the portal of the tunnel. 
Ground penetrating radar survey
GPR was used at the egress drift to survey the estimated ground condition in the minor pillar, especially on the back/roof side.
GPR is a geophysical method for high-resolution detection, imaging and mapping of subsurface soils and rock conditions (Basson 2000) . This non-destructive method uses electromagnetic waves and detects the reflected signals from subsurface material. The GPR system has three main components: transmitter, receiver and a control/main unit. The transmitting antenna radiates a short, high-frequency electromagnetic pulse into the ground, were it is refracted, diffracted and reflected as it encounters changes in dielectric permittivity and electric conductivity.
The propagation of a radar signal depends mainly on the electrical properties of the subsurface material. Waves that are scattered back towards the earth's surface induce a signal in the receiving antenna and are recorded as digitised signals for display and further analysis.
The use of a borehole camera survey into the GPR survey line was conducted to increase the reliability of the GPR survey result due to there being no specific calibration data as comparison between wave reflection values from various rock types.
On the GPR profile shown in Figure 11 , the intensity of low reflectivity is represented as a light grey tone, and high reflectivity is shown as a black tone, ground of concern (predicted ground damage) along the back/roof of the pillar is estimated to be 6.25 up to 10 m of the back surface. This means 8.25 m of pillar height is still in relatively good condition. 
Conclusion
Panel 02 is still considered as a panel which has mineable reserves and is expected to run concurrently until the closure of the DOZ mine in 2021. Re-excavation of the collapsed drift is very challenging, and is not the best option to be selected after various aspects are considered. Therefore, excavation of the egress drift was determined to be a reasonable option for safety reasons and sustainability of the mine due to its mineable reserves. It is recommended to keep the panel stable by performing good ground monitoring, effective ground support installation and good cave management practice rather than excavating the egress drift through a minor pillar.
Although excavation of the egress drift is not suggested, this can be used as a lesson learnt on how to analyse the strength of the minor pillar below a load static environment and certain rock conditions in case a drift underneath is planned to be opened or the same case occurs in future.
